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Alphavirus in vitro replication assayndent RNA polymerase (nsP4) is responsible for the replication of the viral RNA
genome. In infected cells, nsP4 is localized in a replication complex along with the other viral non-structural
proteins. nsP4 has been difﬁcult to homogenously purify from infected cells due to its interactions with the
other replication proteins and the fact that its N-terminal residue, a tyrosine, causes the protein to be rapidly
turned over in cells. We report the successful expression and puriﬁcation of Sindbis nsP4 in a bacterial
system, in which nsP4 is expressed as an N-terminal SUMO fusion protein. After puriﬁcation the SUMO tag is
removed, resulting in the isolation of full-length nsP4 possessing the authentic N-terminal tyrosine. This
puriﬁed enzyme is able to produce minus-strand RNA de novo from plus-strand templates, as well as
terminally add adenosine residues to the 3′ end of an RNA substrate. In the presence of the partially
processed viral replicase polyprotein, P123, puriﬁed nsP4 is able to synthesize discrete template length
minus-strand RNA products. Mutations in the 3′ CSE or poly(A) tail of viral template RNA prevent RNA
synthesis by the replicase complex containing puriﬁed nsP4, consistent with previously reported template
requirements for minus-strand RNA synthesis. Optimal reaction conditions were determined by
investigating the effects of time, pH, and the concentrations of nsP4, P123 and magnesium on the synthesis
of RNA.
© 2008 Elsevier Inc. All rights reserved.IntroductionAlphaviruses are plus-sense, single-stranded RNA viruses that
present a pathogenic risk to humans (Strauss and Strauss, 1994).
Sindbis virus (SIN) is the type species of the alphavirus genus,
possessing an 11.7-kb genome that is capped at the 5′ end, and
polyadenylated at the 3′ end. The genome contains two open reading
frames (Strauss et al., 1984). The ﬁrst two-thirds of the genome encode
the nonstructural polyprotein, which functions as the viral RNA
synthetic machinery (Strauss et al., 1983, 1984). Cap-dependent
translation of the region results in two polyprotein forms, P123 and
P1234, as a result of read-through of an opal codon at the 3′ end of the
nsP3 coding sequence (Li and Rice, 1989; Strauss et al., 1983). The
polyproteins are auto-catalytically cleaved into four nonstructural
proteins (nsP1, nsP2, nsP3, nsP4) by nsP2-associated proteinase
activity (de Groot et al., 1990; Ding and Schlesinger, 1989; Hardy andevelopment, GlaxoSmithKline
l rights reserved.Strauss, 1988, 1989). The proteinase processing is sequential (the 3/4
junction is cleaved ﬁrst, followed by the 1/2 junction, then 2/3) and
regulates the RNA synthetic activity of the nonstructural protein
complex (Lemm et al., 1994; Shirako and Strauss, 1994). P123 in
coordinationwith nsP4 synthesizesminus-strand RNA, while cleavage
at the 1/2 junction activates plus-strand synthesis. Final cleavage of
the 2/3 junction leaves the complex efﬁcient in only plus-strand
synthesis (Sawicki et al., 2003, 2006).
The RNA-dependent RNA polymerase activity for SIN is located in
the nsP4 protein, containing the signature GDD motif (Kamer and
Argos, 1984). The processing of P1234 to P123 and nsP4 results in nsP4
possessing an amino terminal tyrosine residue (Strauss et al.,1984).
The presence of the tyrosine residue has been found to be biologically
signiﬁcant for virus ﬁtness, with changes from an aromatic residue
resulting in non-viable viruses in vivo (Shirako and Strauss, 1998).
Genetic tests suggest the N-terminal region of nsP4 is important in
protein–protein interactions, as well as template recognition. Chan-
ging the amino terminal residue of nsP4 from a tyrosine to a non-
aromatic residue in the context of a full-length infectious clone of SIN
resulted in the emergence of pseudo-revertant viruses with second-
site changes in nsP1 and at the 5′ end of the genomic RNA (Shirako et
al., 2003) (Shirako et al., 2000). These studies clearly demonstrated
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suggest that the N-terminal domain of nsP4 may be important for the
formation of functional RNA synthetic complexes capable of speciﬁc
template recognition.
The N-terminal region of nsP4 is predicted to be unstructured, and
previous attempts to purify the protein by means of a C-terminal
hexahistidine tag resulted in production of proteolyzed nsP4 with N-
terminal truncations (Tomar et al., 2006). Expression and isolation of
SIN nsP4 was previously achieved by truncating the N-terminal
portion of the protein (Δ97nsP4) (Tomar et al., 2006). The resulting
core domain of nsP4 failed to synthesize minus-strand products de
novo, but demonstrated a terminal addition activity. Further, the
terminal addition activity demonstrated a nucleotide preference for
adenosine residues. Subsequent work in isolating active nsP4 came
from extensive fractionation of mammalian cells expressing viral
minus-strand RNA synthetic complexes (Thal et al., 2007). Following
the established isolation of minus-strand replication complexes
(Lemm et al., 1998), nsP4 was further isolated from other nonstruc-
tural proteins using non-ionic detergent to solubilize membranes and
release nsP4 from insoluble material. The resulting nsP4 was found to
be active on both plus and minus-strand templates and exhibited
template speciﬁcity consistent with previous ﬁndings. However, this
partially puriﬁed nsP4 was still in solution with numerous cellular
proteins, the relevance of which is currently unclear (R.W.H.
unpublished data), but precludes the deﬁnitive assignment of speciﬁc
functions to “isolated” nsP4.
During the single-cell viral replication cycle nsP4 must exhibit
numerous speciﬁc functions to ensure replication of the viral genome.
It must form a complex with other viral non-structural proteins, and
this complex then must recognize the viral genome template through
speciﬁc protein–RNA interactions. Following template recognition the
replication complex, and speciﬁcally nsP4, must locate the appro-
priate site for initiation of RNA synthesis at the 3′ end of the viral
genome to then copy the genome into a complementary minus-
strand. This minus-strand RNA is in turn copied into genomic and
subgenomic RNAs by the polymerase in complex with other viral
nonstructural proteins through the recognition of speciﬁc promoter
sequences. In addition to the production of new viral RNA the
polymerase is believed to actively function in the repair of viral
genomes through terminal addition events (Raju et al., 1999). A deeper
mechanistic understanding of each of these functions of the SIN RdRpFig. 1. Production of puriﬁed, recombinant full-length nsP4. (A) Schematic diagram of N-term
nsP4. The ﬁrst lane is molecular weightmarkers, the second shows puriﬁed recombinant nsP4
nsP4 (Δ97).will allow formulation of an overall model for the role of this protein
during viral replication. Isolation of full-length nsP4 from a bacterial
expression system would provide the most pure nsP4 sample, and
represents the best source of protein for diverse molecular and
biochemical analysis of function.
In this study, we report the puriﬁcation of a bacterially expressed
full-length SIN nsP4 possessing the authentic N-terminal tyrosine. We
have found the puriﬁed enzyme is able to produce minus-strand RNA
de novo from plus-strand templates, as well as terminally add
adenosine residues to an RNA substrate. The enzyme is able to
produce minus-strand RNA in the presence of a partially processed
replicase polyprotein (P123), and this complex shows template
speciﬁcity in de novo minus-strand synthesis. We also report on the
effects of time, concentration of nsP4, concentration of P123, as well as
cation concentration and pH, on de novo minus-strand synthesis
activity.
Results
Puriﬁcation of full-length nsP4 protein
The construct encoding the SUMO-nsP4 fusion (Fig. 1A) was well
expressed in E. coli and the proteinwas found in the soluble fraction of
the E. coli lysate (data not shown). An SDS-PAGE gel showing the
purity of the SIN nsP4 is shown in Fig. 1. Although soluble, the protein
aggregated if CHAPS, glutamate and arginine were not added to the
buffer. Upon cleavage of the SUMO tag, the puriﬁed nsP4 protein
decreased in stability and precipitated within one week. Protein
samples that were ﬂash frozen and thawed did not have detectable
activity (data not shown).
Previous attempts to purify full-length nsP4 without a SUMO tag
resulted in N-terminal proteolysis or degradation (Tomar et al., 2006).
The presence of the mature, full-length nsP4 amino acid sequence,
including the N-terminal tyrosine, was conﬁrmed by LC-MS/MS of
tryptic digests of the puriﬁed protein (data not shown).
Puriﬁed nsP4 exhibits TATase activity
The nsP4 core polymerase domain (Δ97nsP4) has been shown to
possess terminal adenosyl transferase (TATase) activity on RNA
substrates (Tomar et al., 2006). This activity was conﬁrmed on theinally hexahistidine-tagged SUMO-nsP4 fusion protein. (B) SDS-PAGE gel of puriﬁed SIN
following cleavage of the His6-SUMO tag, and the third shows the N-terminal truncated
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(noA) (Fig. 2, lanes 2–4). Puriﬁed full-length nsP4 had TATase activity
in vitro on the same RNA substrates (Fig. 2, lanes 5–6). Further, the
TATase activity of full-length nsP4 was found to be more robust than
the activity of Δ97nsP4 on SIN template with (Wt(+)) and without
(noA) a poly(A) tail, even though Δ97nsP4 is a far more stable protein
than is full-length nsP4. At one-tenth the amount of enzyme, full-
length nsP4 labeled Wt(+) and noA substrate RNAwith 33-fold and 7-
fold greater efﬁciency respectively, than did Δ97nsP4. The TATase
activity of full-length nsP4 is dependent on the presence of a 3′-OH on
the substrate (Fig. 2, lanes 7–8). Mutation of the catalytic residues
Asp465 and Asp 466 to Alanine (“GAA”) eliminated terminal addition
activity (Fig. 2, lane 10). These results show that puriﬁed full-length
nsP4 exhibits a TATase activity in vitro, consistent with previous
ﬁndings with Δ97nsP4 (Tomar et al., 2006). However the TATase
activity of the full-length nsP4 appears to be more efﬁcient than that
exhibited by the N-terminally truncated form.
Puriﬁed nsP4 exhibits de novo minus-strand synthesis in vitro
The methodology of in vitro SIN replication reactions has beenwell
established and effective in elucidating information on template
requirements for minus-strand synthesis (Hardy, 2006; Lemm et al.,
1998; Thal et al., 2007). Previous in vitro minus-strand replication
assays utilized BHK cell-extracts containing nsP4 and P123 nonstruc-
tural proteins produced by recombinant vaccinia virus (Lemm et al.,
1998). In this study, puriﬁed nsP4 was added to BHK cytoplasmic
membrane fractions containing uncleaved P123 in order to determine
its ability to copy a SIN template RNA. Copying of a SIN plus-strand
RNA was monitored by the incorporation of radiolabeled CTP (in the
presence of unlabeled rNTPs) into discrete, template-length RNA
products (Fig. 3A). The expected product under our reaction condi-
tions is a minus-strand RNA corresponding in length to the Wt(+)
input template.
In the absence of puriﬁed nsP4, membrane fractions containing
P123 did not catalyze the synthesis of labeled RNA products (Fig. 3B,
lane 1). Likewise reactions containing nsP4 but lacking P123 resulted
in no detectable incorporation of radiolabeled CTP into RNA (Fig. 3B,
lane 2). Reactions containing nsP4 and P123 resulted in the production
of labeled RNA (Fig. 3B, lane 3). This activity was not dependent on the
presence of a 3′-OH, indicating that the labeled product is a result of
template copying rather than terminal nucleotide addition (Fig. 3B,
lane 4). Further, reactions containing BHK extracts lacking any SIN
nonstructural proteins did not confer de novo activity on nsP4,
suggesting that the RNA synthetic activity is dependent on P123 and
not conferred by presence of cellular membranous or cytoskeletal
elements (data not shown). A variant of nsP4 in which the catalytic
residues Asp465 and Asp466 were substituted with Ala (“GAA”)Fig. 2. TATase activity of Δ97nsP4 and puriﬁed nsP4. Polymerase was exposed to template RN
gels. Signal intensitywas quantiﬁed by phosphoimager,with nsP4 labeling ofWt(+) establishe
or Wt+ without a poly(A) tail (noA; lanes 4 and 6), or Wt+ on which the 3′-OH has been blolacked RNA synthetic activity (Fig. 3B, lane 7), which is consistent with
the observed RNA synthesis being due to the active site of the
polymerase core (Thal et al., 2007; Tomar et al., 2006). These results
demonstrate that puriﬁed full-length nsP4 in the presence of the
nonstructural polyprotein P123, is active in de novo synthesis of
minus-strand RNA in vitro.
Work with Δ97nsP4 demonstrated TATase activity, but showed a
lack of de novo minus-strand RNA synthesis by the core polymerase
domain alone in vitro (Tomar et al., 2006). Attempts to activate a
copying activity of the nsP4 core domain (Δ97nsP4) by the addition of
cytoplasmic membrane fractions containing P123 resulted in no de
novo synthesis (Fig. 3B, lane 5). These results demonstrate the
importance of the N-terminal region of nsP4 for the formation of an
active RNA synthetic complex capable of template copying.
NsP4 mediated minus-strand synthesis is template speciﬁc
Minus-strand synthesis activity of nsP4 has been demonstrated to be
template-speciﬁc (Frolov et al., 2001; Gorchakov et al., 2004; Hardy and
Rice, 2005; Hardy, 2006). Mutations within the conserved sequence
element (CSE) at the 3′ end of the viral genome have been demonstrated
to inhibit minus-strand RNA synthesis and virus replication (Hardy and
Rice, 2005). Further, certain of these mutations in the CSE appear to
directly disrupt the binding of nsP4 to the promoter (Thal et al., 2007).
The ability of full-length nsP4 to synthesize minus-strand RNA required
membranous fractions containing uncleaved P123, as observed pre-
viously (Fig. 3C, lanes 1–2). Loss of the poly(A) tail (noA), deletion of the
cytosine residue preceding the poly(A) tail (Δ-1), or point-mutations in
residues previously shown to be important in nsP4 binding (U-12/-10C)
all signiﬁcantly decreased minus-strand synthesis mediated by the
puriﬁed nsP4 (Fig. 3C, lanes 3–5). The observed 2× product is a result of
terminal addition and “snap-back” primed replication of non-oxidized
templates (Hardy and Rice, 2005). This result is enhanced in reactions
containing mutated RNAs that fail to efﬁciently template for minus-
strand synthesis, and can be eliminated by template oxidation (Hardy,
2006; Hardy and Rice, 2005; Thal et al., 2007). These data demonstrate
that the bacterially expressed and puriﬁed nsP4 displays the same
template requirements for minus-strand RNA synthesis as nsP4
produced in mammalian cells.
Role of time and nonstructural protein concentration in minus-strand
RNA synthesis
Various parameters of the in vitro replication reaction were
investigated to determine their effects on de novo minus-strand
production in vitro. These parameters included: time, concentration of
nsP4, and concentration of P15 fractions containing P123. The rate of
synthesis over time was analyzed from 0 to 30 min. The rate of RNAA in the presence of [α-32P] ATP, and products were resolved on 1.5% agarose-phosphate
d as baseline (100%). RNA substrateswere eitherWt+ genome analog (lanes 2, 3, 5, and 7)
cked (oxid; lane 8).
Fig. 3. De novo minus-strand synthesis activity of nsP4. (A) Schematic of in vitro minus-strand RNA synthesis assay. (B) Assay results. Reactions were performed in the presence of
[α-32P] CTP and rNTPs, using Wt(+) (lanes 1, 2, 3 and 5) or Wt+ on which the 3′-OH has been blocked (oxid; lane 4). Membrane fractions containing SIN P123CN S were included in
reactions corresponding to lanes 1, 3, 4, and 5. Full-length puriﬁed nsP4 was present in reactions for lanes 2, 3 and 4. Truncated nsP4 (Δ97) was used in the reaction corresponding
to lane 5. A variant of nsP4 with two inactivating substitutions in the polymerase active site “GAA” (D465A/D466A) was used in reactions for lane 6. Products were separated on
1.5% agarose-phosphate gels. (C) Template speciﬁcity. In vitro minus-strand synthesis reactions were carried out in the presence of rNTPs and [α-32P] CTP, and products were
resolved on 1.5% agarose-phosphate gels. Input templates were varied to test the effects of 3′ mutations on minus-strand synthesis. The sequence of the SIN genome 3′ CSE is
shown below the gel. Mutated residues are underlined.
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the reaction conditions the increase in product is not linear (Fig. 4A).
The curvature of the plot is most likely due to limiting amounts of (+)-
strand RNA template and CTP in the reactionmixture, which cause theFig. 4. Time course of de novo synthesis reaction and titration of puriﬁed nsP4 and P123 co
30 min, (B) puriﬁed nsP4 in the concentration range of 0 μM to 1 μM in the presence of 800
membrane fractions from 0 mg/mL to 1.6 mg/mL against 400 nM nsP4. Signal intensity of preaction to approach equilibrium after about 30 min. The activity of
the nsP4 enzyme was determined by varying the concentration of
enzyme from 0 to 1 μM against 800 μg/mL of membranous extracts
containing P123. RNA synthetic activity increased dramatically withfactors. Product signal intensity is plotted as a function of (A) time in the range of 0 to
μg/mL P123-containing membrane fractions, and (C) total protein in P123-containing
roducts separated on 1.5% agarose-phosphate gels was quantiﬁed by phosphoimager.
Fig. 5. Titrations of divalent cation and pH and effects on de novo synthesis activity of puriﬁed nsP4. Product signal intensity is plotted as a function of (A) Mg2+ concentration in the
range of 0.25 mM to 10 mM and (B) pH in the range of 6.0 to 10.0. Signal intensity of products separated on 1.5% agarose-phosphate gels was quantiﬁed by phosphoimager.
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in nsP4 concentration led to a linear increase in detected RNA product
(Fig. 4B). Observations of minus-strand synthesis activity as a function
of nsP4 concentration were consistent over multiple repetitions (data
not shown). However, each successive replication reaction using the
same nsP4 preparation showed a decrease in overall total product,
presumably as a consequence of a loss of nsP4 activity during storage.
The amount of membrane fraction from BHK-21 cells expressing
uncleaved P123 was titrated from 0 to 1.6 mg/mL in the presence of
400 nM nsP4. There appears to be a limit for the amount of membrane
fraction containing P123 that can be addedwhile maintaining efﬁcient
de novominus-strand RNA synthesis. Low concentrations (b80 μg/mL)
fail to facilitate efﬁcient RNA synthesis, while high concentrations
(N400 μg/mL) appear to inhibit RNA synthetic activity (Fig. 4C).
Addition of high concentrations of membrane fraction results in a
large amount of cellular material being added to the reaction. We
hypothesize that this cellular material contains factors inhibitory to in
vitro minus-strand RNA synthesis at high concentrations.
Optimal conditions of nsP4 in vitro replication determined by Mg2+ and
pH titrations
Divalent cation (Mg2+) concentration was varied from 0.25 mM to
10 mM. Maximal activity was observed at 5 mM (Fig. 5A). This is
consistent with ﬁndings among previously puriﬁed RdRps from
various viral groups (Jablonski and Morrow, 1995; Lai et al., 1999;
Luo et al., 2000; Selisko et al., 2006). The pH of the reactionwas varied
from 6.0 to 10.0. While the greatest signal was seen at pH 8.0, there
appeared to be no signiﬁcant optimal pH for nsP4 speciﬁc activity (Fig.
5B). This may suggest that replication complexes formed by nsP4 and
P123 create an isolated center of replication not signiﬁcantly affected
by surrounding pH.
Discussion
This work represents the ﬁrst successful puriﬁcation of a full-
length alphavirus polymerase capable of de novo RNA synthesis in
vitro. Previous attempts to purify full-length nsP4 with a C-terminal
hexahistidine-tag were unsuccessful due to N-terminal proteolysis
(Tomar et al., 2006). Utilization of N-Terminal SUMO tags have been
shown to enhance protein expression and solubility (Malakhov et al.,
2004; Zuo et al., 2005). In this case the SUMON-terminal tag was used
as a means of both stabilizing the protein for puriﬁcation and
preserving the wild type N-terminal residue. The protein was isolated
as a SUMO-nsP4 fusion, stabilized, and then nsP4 released in the
proper buffer conditions. We have found that the SUMO-nsP4 fusion
protein is stable at 4 °C, and long-term storage does not appear to
signiﬁcantly affect de novo activity of the liberated nsP4 (data notshown). In vaccinia expression constructs of nsP4, an N-terminal
ubiquitin tag was added to ensure that the N-terminal tyrosine would
be preserved following cellular removal of ubiquitin (Lemm et al.,
1994). Previously, we isolated full-length nsP4 from cell fractionation
and showed de novo activity in vitro (Thal et al., 2007). However, this
isolation of nsP4 involved the use of detergents to separate nsP4
originating from active nonstructural replication complexes formed in
a permissive cellular environment.While the observed activity of nsP4
was beneﬁcial for analysis of template recognition studies, the
preparation represents a heterogeneous mix of nsP4 and cellular
proteins, the presence of which precludes deﬁnitive assignation of
activities to the viral nsP4. Puriﬁcation to homogeneity of full-length
nsP4 from a non-permissive bacterial expression system allows a
more deﬁned molecular and biochemical analysis of the parameter
requirements for nsP4 activity in vitro.
The activity of nsP4 in vitro has two distinct features: terminal
addition and de novo minus-strand synthesis. The RdRp core domain
is necessary for both activities, but de novo activity additionally
requires the presence of the N-terminal domain and a nonstructural
polyprotein cofactor (P123). The terminal addition activity of the nsP4
polymerase core has been reported previously (Tomar et al., 2006). An
N-terminal truncation of nsP4was isolated and found to preferentially
add adenosine residues to the 3′ end of input RNA templates, but
failed to exhibit de novo copying activity in vitro. Terminal addition
activity with preferential adenosine addition suggests nsP4 may
polyadenylate viral RNA products (Thal et al., 2007; Tomar et al.,
2006). Previous in vitro analysis of minus-strand synthesis suggests
that there is no synthesis of a 5′ poly-U tract on the minus-strand
product (Hardy, 2006). This would result in no poly(A) tail templated
during plus-strand synthesis, requiring the terminal addition of
adenosine residues. The terminal addition activity may also be
involved in simply repairing truncated poly(A) tails to an optimal
length or in genome repair. Truncation of the termini of wild type SIN
genome has been shown to result in viable virus following passage
(Raju et al., 1999). Sequence analysis of the resulting virus conﬁrms
signiﬁcant non-templated nucleotide additions to the genome. One
interesting observation of terminal addition activity of full-length
nsP4 is that it appears to be more robust than the RdRp core domain
alone (Δ97nsP4). We hypothesize that this may be due to the N-
terminal region of nsP4 functioning in RNA substrate recognition.
The ability of puriﬁed full-length nsP4 to synthesize a minus-
strand product de novo requires the presence of P123. The direct effect
of P123 on nsP4 activity is not clear to date. Previous studies have
suggested that P123 is involved in recognition of the 5′ end of the
genome and bestows template speciﬁcity on the minus-strand
synthetic complex (Frolov et al., 2001; Gorchakov et al., 2004; Thal
et al., 2007). P123 in complex with nsP4 may be required to orient the
polymerase to the minus-strand promoter in the 3′ CSE. Another
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through a protein–protein interaction. This hypothesis is supported by
the failure of P123 to activate Δ97nsP4, suggesting that the N-terminal
region acts as a molecular switch through interactions with the P123
polyprotein. This may further explain the unique characteristics of
nsP4 isolated from replication complexes in cell fractions (Thal et al.,
2007). The nsP4 isolated from mammalian cells was ﬁrst expressed in
the presence of P123, thus forming a membrane-bound complex
before being further isolated. The ability of this nsP4 to then produce
minus-strand copies from plus-strand templates may be a conse-
quence of its previous interaction with P123, possibly conferring a
conformational change required for activation that remains following
isolation from P123. Such a hypothesis requires further investigation.
The current and previous studies clearly demonstrate that the N-
terminal domain of nsP4 is necessary for conferring de novo viral RNA
synthesis.
The isolation of puriﬁed full-length nsP4 represents a powerful
tool for molecular and biochemical analysis of alphavirus polymerase
function. While previous work in vitro with nsP4 made signiﬁcant
progress in the understanding of template recognition and modeling
the process of minus-strand synthesis, these studies were unable to
analyze the function of nsP4 outside the context of a functioning
replication complex in a permissive host cell environment. The use of
pure, full-length nsP4 will facilitate future studies examining the
molecular interactions mediated by this protein that are necessary for
each of its functions.
Materials and methods
Construction of expression plasmids
The SIN nsP4 coding sequence was PCR ampliﬁed from the
cDNA of the SIN genome pTotal plasmid (Richard Kuhn). (All
sequence numbers refer to the cDNA in which the N-terminal
tyrosine in the ﬁrst codon for nsP4.) An internal BsaI nuclease site
at position 1497 in the nsP4 coding sequence was removed through
introduction of a silent mutation using a quick-change mutagenesis
kit (Stratagene) along with the following PCR primer and its
complement, 5′CGCAGTCATCGGTGAAAGGCCACCTTACTTCTGCGGC3′
(corresponding to nucleotides 1482–1518). The sequence encoding
the nsP4 protein was ampliﬁed using PCR and the following
primers: 5′GACGTGGGTCTCGAGGTTACATATTTTCGACGGAC3′, which
contains a BsaI restriction endonuclease site and 5′GCGTGCCTCGAG-
CTATTTAGGACCACCGTAGAGATGC3′ containing an XhoI restriction
endonuclease site. The PCR products were puriﬁed using the QIAquick
PCR Puriﬁcation Kit. The product was cut with BsaI, then XhoI and
puriﬁed using the QIAquick PCR Puriﬁcation Kit. T4 DNA ligase was
then used to ligate the digested product to a linearized pSUMO PRO
vector (T7, Kan) (Lifesensors), which had DNA sequences complemen-
tary to the 5′ and 3′ DNA overhangs of the PCR product. The identity of
the sequence encoding the 6-His-SUMO-nsP4 protein was conﬁrmed
by sequencing the entire coding sequence.
The GDD motif polymerase active site was mutated to GAA by
quick-change mutagenesis (Stratagene) using the primer 5′GCAGCG-
TTCATTGGCGCCGCCAACATCATACATGG3′, and its complement (corre-
sponding to nucleotides 1378–1412).
Protein expression and puriﬁcation
The SUMO-nsP4 plasmid was transformed into BL21 AI cells
(Invitrogen) containing the pRARE2 plasmid (Novagen). The pRARE2
plasmid is used to facilitate the translation of the nsP4 sequence
which contains several codons that are rarely used in E. coli. For
expression of the 6-His-SUMO-nsP4 protein, an overnight culture of
cells transformed with the SUMO-nsP4 plasmid was used to inoculate
1-L ﬂasks of 2 × YT media containing 35 μg/mL chloramphenicol and50 μg/mL kanamycin. The ﬂasks were grown at 37 °C for 2 h, and then
the temperature was decreased to 18 °C. At an optical density (OD600)
of 0.8, expression was induced by the addition of IPTG and arabinose
(0.4 mM and 0.2% ﬁnal concentrations, respectively). The cells were
grown for 18 h, harvested, frozen and stored at −80 °C.
The frozen cells were thawed then resuspended in Buffer A (50mM
Tris pH 8, 200 mM Li2SO4, 50 mM Arginine, 50 mM Glutamate, 5%
glycerol, 0.2% CHAPS, 1 mM TCEP). RNase-free DNase (1.5 mg) and
MgCl2 (1 mM ﬁnal concentration) were added to the cells before lysis
by sonication at 0 °C. Cell debris was removed by centrifugation of the
lysate at 40,000 ×g for 45 min. The supernatant was syringe ﬁltered
through a 0.45-nm ﬁlter (Millipore). Imidazole was added to the
supernatant to a ﬁnal concentration of 25 mM, and the sample was
loaded onto a 5-mL HisTrap column (equilibrated with Buffer A
+25 mM imidazole) at a ﬂow rate of 2 mL/min. The column was
washed with the same buffer, and the protein was eluted with a 10-
column-volume linear gradient from 25 mM to 500 mM imidazole in
Buffer A. The eluate was analyzed by SDS-PAGE and fractions
containing the SUMO-nsP4 protein were pooled and concentrated to
10 mg/mL using Centricon concentrators (Millipore) with a 50,000
molecular weight cutoff.
The concentrated protein was loaded onto a Sephadex-200 size
exclusion column, equilibrated with Buffer A. The eluate was analyzed
by SDS-PAGE, and fractions were pooled that contained pure protein
of approximately the molecular weight of the SUMO-nsP4 protein
(∼80 kDa). The protein was concentrated to approximately 6 mg/mL
with Centricon concentrators.
A Sephadex-200 columnwas equilibratedwith 20mMTris–HCl pH
8, 50 mM Arginine, 50 mM Glutamate, 5% glycerol, 1 mM TCEP. A
volume of the concentrated SUMO-nsP4 protein corresponding to 1/
20th of the column volume, or less, was mixed with the SUMO
protease (ULP1) in a 1:1000 ratio of protease:SUMO-nsP4. The ULP1
was produced from the pULP1 plasmid, a gift from Christopher Lima,
Weill Medical College of Cornell University. The mixture was loaded
onto the column after a 15 min incubation. Eluate was analyzed by
SDS-PAGE. Fractions containing the cleaved nsP4 were concentrated
to 5 mg/mL or less with a Centricon concentrator. The full length nsP4
sequence, including the authentic tyrosine N-terminal residue, was
conﬁrmed as a tyrosine by mass spectrometry analysis.
Cell culture and viruses
BHK-21 (American Type Culture Collection, Rockville, Maryland)
were culture in Alpha MEM (Invitrogen) supplemented with 5% fetal
bovine serum, non-essential amino acids, and vitamins. Recombinant
vaccinia virus capable of expressing T7 DNA-dependent RNA poly-
merase and the SIN polyprotein P123 (containing the C481S mutation
in the nsP2 region that abrogates proteinase activity) were grown
individually to high titer in BSC-40 cells cultured in DMEM (Invitro-
gen) supplemented with 10% fetal bovine serum, non-essential amino
acids, and vitamins. Viral titers were determined by plaque assay on
BSC-40 cells.
Construction of RNA templates
Plasmid pWt(+) encodes an RNA analogous to the SIN genome
(Hardy, 2006; Thal et al., 2007). The (+)-strand RNA template resulting
from transcription of this plasmid is 1124 nt in length and contains
233 G residues. Mutations in the wt(+) sequence were generated by
PCR ampliﬁcation using mutagenic oligonucleotide primers compli-
mentary to the 3′ end of the wt(+) sequence and a primer
corresponding to the 5′ end of the SIN genome preceded by a T7
promoter (Hardy and Rice, 2005).
The pWt(+) plasmid was linearized by digestion with BsgI. All PCR
products were gel-extracted, quantiﬁed by spectrophotometry and
used directly in transcription reactions. RNA was transcribed in vitro
207J.K. Rubach et al. / Virology 384 (2009) 201–208from plasmid and from PCR products using Sp6 and T7 RNA
polymerase (New England Biolabs), respectively. DNA templates
were removed by DNaseI (New England Biolabs) digestion. Integrity
and yield of RNA templates was monitored by agarose gel electro-
phoresis. RNA was puriﬁed by phenol–chloroform extraction and
ethanol precipitation. Precipitated RNA was dissolved in water to a
ﬁnal concentration of 1 μg/μL.
Oxidation of RNA templates
RNA was placed in 100 mM sodium acetate (pH 5.0) and 100 mM
sodium metaperiodate. Reactions were incubated at 25 °C for 90 min
(Behrens et al., 1996). Following reaction, the RNA was ethanol
precipitated, washed with 70% ethanol, and desalted by passage over
an RNeasy column (Qiagen).
Cell fractionation
Membranous cell fractions containing SIN minus-strand synthesis
complexes were generated as described previously (Lemm et al.,
1998). For our work, BHK-21 cells were infected with an m.o.i. of
10 pfu/cell with recombinant vaccinia viruses expressing both T7 RNA
polymerase and SIN polyprotein P123C N S (inactive proteinase
domain). Cells were harvested into a hypotonic buffer 6 h post-
infection and homogenized. Nuclei were removed by low-speed
centrifugation (900 ×g). Post-nuclear homogenates were centrifuged
at 15,000 ×g, and membranous pellets (P15) were resuspended in
hypotonic buffer plus 15% glycerol, aliquoted and stored at −80 °C.
The presence of SIN nonstructural proteins was determined by
western blot. P15 fractions were separated by SDS-PAGE (8%
polyacrylamide), transferred to a nitrocellulose membrane that was
blocked with 5% milk in 25 mM Tris–HCl, 137 mM NaCl, 2.7 mM KCl,
0.1% Tween-20 (pH 7.4). Blots were probed with anti-nsP2 rabbit
polyclonal antiserum or anti-nsP1 rabbit polyclonal antiserum.
Proteins were detected using an anti-rabbit secondary antibody
conjugated to horseradish peroxidase. Total protein concentration in
P15 fractions was determined by Bradford assay.
The amount of P123 in cellular P15 fractions was determined by
signal quantiﬁcation of an SDS-PAGE gel stained with Commassie Blue
by ImageQuant 5.2 Software. P15 fractions were run on an 8% SDS-
PAGE gel in triplicate at three different protein concentrations. The
image signal of the P123-speciﬁc band was calculated as a percent of
the total image signal for the respective P15 lane. For these studies, the
P15 fraction (4.14 μg/μL) was comprised of 3.5(±0.1)% P123, or 144 ng/
μL. There are approximately 0.165 pmol of P123 for every μg of P15
material.
In vitro TATase activity assay
Standard reaction mixtures (total volume 25 μL) contained 50 mM
Tris–HCl (pH 8.5), 75 mM KCl, 5.0 mM MgCl2, 10 mM dithiothreitol,
10 μg/mL actinomycin-D, 1 mCi/mL [α-32P]-ATP (800 Ci/mmol, Perkin
Elmer), 800 U/mL RNasin, 0.5 μg template RNA (1 pmol), 400 nM
puriﬁed nsP4 or 4 μM Δ97nsP4. Reactions were incubated at 25 °C for
30 min. Reactions were exposed to alkaline phosphatase for 15 min.
RNA was isolated by phenol/chloroform extraction and ethanol
precipitated. RNAs were denatured at 55 °C with glyoxal in DMSO,
separated by electrophoresis on 1.5% agarose in sodium-phosphate
buffer, and visualized using a phosphoimager. Quantiﬁcation of signal
intensity was analyzed by ImageQuant 5.2 software.
In vitro minus-strand synthesis activity assay of puriﬁed nsP4
Standard reaction mixtures (total volume 25 μL) contained 50 mM
Tris–HCl (pH 7.8); 50 mM KCl; 3.5 mM MgCl2; 10 mM dithiothreitol;
10 μg/mL actinomycin-D; 1 mM ATP, UTP, GTP; 0.4 mM CTP; 1 mCi[α-32P]-CTP per mL (800 Ci/mmol, Perkin Elmer); 800 U RNasin per
mL; 0.5 μg template RNA (1 pmol); P15 containing P123 at 400 μg/mL;
400 nM puriﬁed nsP4. Reactions were incubated at 30 °C for 30 min.
Reactions were exposed to alkaline phosphatase for 15 min, and
terminated by addition of 2.5% SDS and proteinase K (100 μg/mL). RNA
was isolated by phenol/chloroform extraction and ethanol precipi-
tated. RNAs were denatured at 55 °C with glyoxal in DMSO, separated
by electrophoresis on 1.5% agarose in sodium-phosphate buffer, and
visualized using a phosphoimager.
Optimal reaction conditions were determined by titrations of
MgCl2 and modifying the pH of Tris–HCl buffers.
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